Epsilon class GSTs (glutathione transferases) are expressed at higher levels in Anopheles gambiae mosquitoes that are resistant to DDT [1,1,1-trichloro-2,2-bis-(p-chlorophenyl)ethane] than in insecticide-susceptible individuals. At least one of the eight Epsilon GSTs in this species, GSTe2, efficiently metabolizes DDT to DDE [1,1-dichloro-2,2-bis-(p-chlorophenyl)ethane]. In the present study, we investigated the factors regulating expression of this class of GSTs. The activity of the promoter regions of GSTe2 and GSTe3 were compared between resistant and susceptible strains by transfecting recombinant reporter constructs into an A. gambiae cell line. The GSTe2 promoter from the resistant strain exhibited 2.8-fold higher activity than that of the susceptible strain. Six polymorphic sites were identified in the 352 bp sequence immediately upstream of GSTe2. Among these, a 2 bp adenosine indel (insertion/deletion) was found to have the greatest effect on determining promoter activity. The activity of the GSTe3 promoter was elevated to a lesser degree in the DDT-resistant strain (1.3-fold). The role of putative transcription-factor-binding sites in controlling promoter activity was investigated by sequentially deleting the promoter constructs. Several putative transcriptionfactor-binding sites that are responsive to oxidative stress were present within the core promoters of these GSTs, hence the effect of H 2 O 2 exposure on the transcription of the Epsilon GSTs was investigated. In the DDT-resistant strain, expression of GSTe1, GSTe2 and GSTe3 was significantly increased by a 1-h exposure to H 2 O 2 , whereas, in the susceptible strain, only GSTe3 expression responded to this treatment.
INTRODUCTION
The GSTs (glutathione transferases) are a superfamily of detoxification proteins that are found in most organisms. They are primarily associated with the detoxification of endogenous and xenobiotic lipophilic compounds by the conjugation of reduced glutathione to their electrophilic centres. However, GSTs are also involved in many other intracellular processes, including protecting against oxidative stress [1, 2] , transporting intracellular compounds [3] , catalysing essential steps in biosynthetic pathways [4] and acting as signalling molecules [5] . Insect GSTs have been classified into at least six classes: Delta, Epsilon, Omega, Sigma, Theta and Zeta [6] . The largest of these classes, the Delta and Epsilon classes, are unique to insects and are probably the primary classes involved in the detoxification of xenobiotics such as insecticides.
Resistance to insecticides is frequently attributed to increased levels of GST activity. GSTs can protect the insect either by increasing the rate of detoxification of insecticide into non-toxic product e.g. the dehydrochlorination of the organochlorine, DDT [1,1,1-trichloro-2,2-bis-(p-chlorophenyl)ethane] [7] , and the Odealkylation or O-dearylation of organophosphate insecticides [8] , or by relieving the damage from oxidative stress induced by insecticide exposure [9] . Elevated GST activity is the primary cause of metabolic resistance to DDT in Anopheles mosquitoes. Resistance to this insecticide class contributed to the failure of the malaria-eradication campaign in the 1960s, and is of major concern for sustainable malaria-control programmes today [10] .
Our previous research on the African malaria vector Anopheles gambiae, identified an Epsilon class GST, GSTe2, with extremely high activity against DDT [11] . The gene encoding this enzyme is one of a cluster of eight Epsilon GST genes, arranged sequentially within 10.5 kb of DNA on division 33B of chromosome 3R (Figure 1) . The transcription of GSTe2 and four additional Epsilon GSTs is elevated between 2-and 11-fold in DDT-resistant adult A. gambiae compared with susceptible individuals [12] . Genetic mapping studies showed that the boundaries of a major locus conferring resistance to DDT flanked the Epsilon GST gene cluster [13] , and we therefore hypothesized that resistance to DDT in A. gambiae is due to a mutation in a cis-acting factor that controls the expression of one or more Epsilon class GSTs.
Distances between the coding regions of the A. gambiae Epsilon GST genes [referred to as the intergenic space, but in this instance including the UTR (untranslated region) of neighbouring GST genes] range from 175 bp to 1260 bp. The tight clustering of these genes may facilitate the control of expression of multiple members of this class by a common regulatory unit upstream of the Epsilon GST cluster. This phenomenon is very common in prokaryotes. Polycistronic transcription has also been reported in several eukaryotic species, including insects (reviewed in [14] ); however, in A. gambiae, the divergent orientation of two of the internal Epsilon GST genes within this cluster ( Figure 1 ) and the variable basal transcription levels of this gene family [12] suggest that these genes are regulated independently. The first aim of the present study was to distinguish between these two alternative hypotheses by determining whether the intergenic DNA within the Abbreviations used: AhR, aryl hydrocarbon receptor; AP-1, activator protein 1; CREB, cAMP-response-element-binding protein; DDT, 1,1,1-trichloro-2,2-bis-(p-chlorophenyl)ethane; δEF1, δ elongation factor 1; EST, expressed sequence tag; FOXL1, forkhead box L1; GST, glutathione transferase; indel, insertion/deletion; Inr, initiator; MEF-2, myocyte-specific enhancer-binding factor 2; NFAT, nuclear factor of activated T-cells; NF-κB, nuclear factor κB; ROS, reactive oxygen species; TSS, transcriptional start site; UTR, untranslated region. 1 To whom correspondence should be addressed (email hranson@liverpool.ac.uk). The direction of transcription is indicated by an arrow. The size of the intergenic space is from the stop codon of the preceding gene to the AUG initiation codon of the following gene (or between AUG initiation codons for genes arranged in head to head orientation) and thus includes UTRs of flanking genes. Experiments not attempted are indicated by a dash, those which gave no activity are indicated by X. The ratio of transcript levels between the ZAN/U and Kisumu strains are the results of previous experiments carried out on adult mosquitoes [12] .
Epsilon gene cluster could drive gene expression. Having verified that the 352 bp upstream region of GSTe2 is sufficient to drive expression of a reporter gene in vitro, the activity of the GSTe2 and GSTe3 promoters was studied in detail. We identified several variations in these promoters from DDT-resistant and -susceptible strains that account, in part, for the increased transcription of these genes observed in insecticide-resistant strains. In addition, we report that expression of Epsilon GSTs increases in response to oxidative stress.
EXPERIMENTAL

Mosquito strains
The ZAN/U strain of A. gambiae was colonized from a DDTresistant field population from Zanzibar, Tanzania in 1982. Adults of this strain have been maintained under regular DDT selection pressure [15] . The Kisumu strain is a laboratory insecticidesusceptible strain originally colonized from Kisumu, Western Kenya.
Extraction of nucleic acids
Genomic DNA was extracted from approx. 1 g of 1-day-old adult mosquitoes from the ZAN/U or Kisumu strain as described previously [16] . RNA was extracted using the TRI Reagent (Sigma) according to the manufacturer's instructions. Residual genomic DNA was digested with DNase I (Promega), and the RNA was reverse-transcribed into cDNA using Superscript III (Invitrogen) primed with an oligo(dT) 18 primer.
Computer-based sequence analysis
In order to determine the maximum extent of the upstream regulatory region of the first gene in the Epsilon gene cluster (GSTe3), the 5. 
moter elements and potential transcription-factor-binding sites.
The following settings were used: the matrix library was set as vertebrate library, the core similarity at 1.0, and the matrix similarity at 0.95 and 0.9 for the GSTe3 and GSTe2 promoter respectively.
Identification of TSSs (transcriptional start sites)
Putative the DNA polymerase used was Pfu, a proofreading enzyme from Stratagene. The resultant PCR products were incubated with Taq DNA polymerase and dATP, and were cloned into pGEM T-easy vector (Promega). The plasmids were transformed into Escherichia coli XL1-Blue (Stratagene), and positive colonies were identified by PCR using vector-specific primers. For each primer pair, both strands of at least three independent colonies from each mosquito strain were sequenced using a Beckman CEQ 8000 sequencer. Contigs were constructed using Lasergene (DNASTAR), and the consensus sequences for the two strains were aligned using EMBOSS (http://www.ebi.ac.uk/emboss/ align/). The inserts were cut from the pGEM T-easy vector by digestion with the restriction enzymes KpnI and NheI, gel-purified using Qiagen Qiaquick and ligated into pGL3-Basic luciferase reporter vector pre-digested with KpnI and NheI. After transformation into XL1-Blue, positive colonies were identified by restriction digests, and plasmids were prepared using the Miniprep plasmidpurification kit (Qiagen). The concentration of each plasmid was adjusted to 200 ng/µl using a NanoDrop spectrophotometer (NanoDrop Technologies). The Renilla luciferase reporter vector was used as a control plasmid for the promoter activity assays at a concentration of 1 ng/µl.
The A. gambiae cell line, Sua 4.0, derived from neonatal larvae of the Suakoko mosquito strain [17] , was kindly provided by Dr Hans Michael Müller (Heidelberg, Germany). The cells were maintained in Schneider's insect medium (Sigma) supplemented with 10 % (v/v) foetal bovine serum (Sigma), 0.5 % (w/v) amphotericin B (Sigma) and 1 % (w/v) penicillin/streptomycin mixture (Sigma) at 27
• C . The Dual-Luciferase TM Reporter Assay (Promega) was used to measure promoter activity. The reporter constructs, containing the A. gambiae promoter sequences inserted upstream of the luciferase gene from the firefly Photinus pyralis, were co-transfected with the internal control, containing the sea pansy Renilla reniformis luciferase under the control of the actin 5C promoter from Drosophila melanogaster, into Sua 4.0 cells using FuGENE 6.0 (Roche), according to a modification of the method of Zhao and Eggleston [18] . Briefly, approx. 5 × 10 5 cells per well were plated in 24-well plates 1 day before transfection. Confluence of 50-80 % was achieved after 1 day's incubation, which is suitable to obtain high transfection efficiency. For each well of cells to be transfected, 200 ng of the GST promoter construct and 1 ng of Renilla reporter vector were mixed with 0.6 µl of FuGENE 6 in unsupplemented Schneider's insect medium (Sigma) for 20 min at room temperature. The mixture of DNA plasmids and FuGENE reagent was then applied to the appropriate well in triplicate. The transfected cells were incubated at 27
• C for 48 h, and harvested in 100 µl of 1 × passive lysis buffer (Promega) per well. The activities of firefly and Renilla luciferase were determined on a luminometer (EG&G Berthold) using the Dual-Luciferase TM Reporter Assay kit. The luciferase activity of each construct was normalized to Renilla activity. For each experiment (repeated twice), triplicate transfections were performed for each construct.
In subsequent experiments, regions of the promoters under study were deleted by re-designing the forward and/or reverse primers (Table 2 ) and using these to amplify partial fragments of the promoters from the original pGL3-Basic GST promoter plasmids. These fragments were then subcloned into the promoterless pGL3-Basic plasmids, and the inserts were sequenced to verify their integrity. Transfection experiments with these deletion constructs were performed as described above.
Site-directed mutagenesis
Site-directed mutagenesis was used to alter the number of adenosine residues found between bp − 266 and − 271 in the GSTe2 promoter. Two additional adenosine residues were introduced into the GSTe2 promoter from the ZAN/U strain by PCR using the primer pair pGKi12F6/pG12R (Table 2 ) and ZAN/U genomic DNA as template. In addition, two adenosine residues were deleted from the Kisumu GSTe2 promoter by PCR using the primer pair pGZa12F6/pG12R (Table 2 ) and Kisumu genomic DNA as a template. PCR products were subjected to sequencing to confirm the site-directed mutagenesis, and were subcloned into the promoterless reporter vector pGL-3 basic. The constructs containing the mutated fragments of ZAN/U and Kisumu strains were named pGZa-Mu and pGKi-Mu respectively. The mutant constructs, together with pGZa12-2, pGKi12-2 and empty pGL-3 basic vector, were used to transfect Sua 4.0 cells as described above. Each plasmid was transfected in triplicate in two independent experiments.
Induction of Epsilon GST gene expression by treatment with H 2 O 2
To determine the effect of oxidative stress on the expression of Epsilon GST genes, pools of 15 fourth instar larvae from Kisumu and ZAN/U were immersed in 3 mM H 2 O 2 for 1 h, rinsed in distilled water, then left for a further 1 h after treatment and snap-frozen. Three independent RNA extractions were performed on samples of 15 larvae from each larval pool as described above. After DNase digestion and cDNA synthesis, the copy number of three of the Epsilon GST genes (GSTe1, GSTe2 and GSTe3) was determined by real-time PCR as described previously [12] . Expression of the S7 ribosomal protein gene [19] was used to normalize the samples. The copy number of the genes in each of the three cDNA samples was quantified in two independent experiments. The copy number of the Epsilon GSTs was normalized with the copy number of S7 in the same cDNA sample as described previously [12] .
Statistical methods
Luciferase activities of constructs and normalized copy numbers of Epsilon GST transcripts were calculated as means + − S.D. Each promoter construct was assayed in triplicate in each of two independent experiments. The statistical significance of promoter activities and induction of Epsilon GST gene expression were analysed using Student's t test.
RESULTS
Prediction of potential core promoter regions
The upstream regions of the Epsilon GST genes were searched for consensus sequences matching core promoter elements using the computer program MatInspector [20] . To identify UTRs of the genes the consensus ESTs, retrieved from the TIGR website (http://www.tigr.org/tdb/tgi/aggi/), were aligned with the genomic DNA sequence of the Epsilon GST gene cluster. A summary of the findings is shown in Figure 2 . Four of the eight Epsilon GST genes contain a putative TATA box and one, GSTe8, contains a downstream promoter element [21] . Putative arthropod initiators (Inr) [22] were identified for five of the genes, and, in two of these, GSTe2 and GSTe4, the location of these Inr coincided with the predicted TSS. However, the Inr was found 136 bp upstream of the predicted TSS of GSTe1, suggesting that the sequences in the EST database may not contain the full-length 5 -UTR for this gene. No attempt was made to verify the 5 -UTR of GSTe1 by PCR. The length of the 5 -UTRs, where known, varied from 93 bp in GSTe4 to 16 bp in GSTe5. GSTe5 also had the shortest 3 -UTR (16 bp) contrasting with a 320 bp 3 -UTR in GSTe6.
The computer predictions described above suggested that basal expression of many, if not all, of the Epsilon GSTs may be controlled by core promoters located immediately upstream of the genes. To test this hypothesis, we selected the three shortest intergenic spaces within the Epsilon cluster, plus 1.3 kb of DNA immediately upstream of GSTe3, the first gene in the cluster, for cloning into a reporter construct.
The upstream putative promoter regions of GSTe3, GSTe2 and GSTe5 from the ZAN/U and Kisumu strains were cloned successfully into the reporter vector. In addition, the putative bidirectional promoter between GSTe7 and GSTe1 was inserted in both orientations (see Figure 1 for details of the constructs). For each of the intergenic sequences, the fragment cloned included the UTRs of the flanking genes. These five constructs were transiently transfected into the A. gambiae Sua 4.0 cell line, and their ability to drive heterologous expression of the firefly luciferase was determined.
Only two of these five constructs exhibited promoter activity. The GSTe1, GSTe5 and GSTe7 promoter constructs from both ZAN/U and Kisumu strains were inactive when transfected into the A. gambiae cell line. All eight of the Epsilon GSTs were expressed at varying levels in the adult stage of the mosquito [12] , and at least four of the genes were also expressed in the larval stages (results not shown). It therefore seems likely that the absence of activity from the GSTe1, GSTe5 and GSTe7 promoter constructs may be related to their isolation from the endogenous chromosomal environment.
Confirmation of the TSS of GSTe2 and GSTe3
The two promoter regions that were able to drive transcription of the luciferase reporter gene comprised approx. 1300 bp immediately upstream of GSTe3 (the first gene in the Epsilon GST cluster) and the 352 bp fragment between the stop codon of GSTe1 and the translational start AUG codon of GSTe2. A GC box and CAAT box occur 72 and 54 bp upstream of the putative TSS of GSTe3, but no match was found with the consensus arthropod Inr site at the putative TSS. The sequence upstream of GSTe2 does contain an arthropod Inr consensus sequence (TCAGT) [22] 15 bp upstream of the predicted TSS. As we were interested in investigating the importance of 5 -UTRs in controlling expression of their genes, we confirmed the position of the putative TSS of GSTe2 and GSTe3 by PCR, using both cDNA and gDNA as templates. These experiments localized the TSS of GSTe3 to between 66 and 135 bp upstream of the start site of the translation of the gene, in agreement with TIGR alignments predicting a 92 bp 5 -UTR. Similarly, the TIGR prediction of a 48 bp 5 -UTR for GSTe2 matched the UTR range of 46-111 bp determined by our PCR results. Neither of the 5 -UTRs were interrupted by introns (see Figure S1 at http://www.BiochemJ.org/bj/387/ bj3870879add.htm for further details).
Comparison of promoter sequences from DDT-resistant and -susceptible mosquitoes
Transcription of both GSTe3 and GSTe2 is significantly higher in the DDT-resistant ZAN/U strain than in the insecticide-susceptible Kisumu strain [12] . Therefore the sequences of these putative promoter regions in the two strains were compared to determine whether mutations in these regions could account for the variation in transcription rates.
Comparison of the 1266 bp putative promoter region of GSTe3 identified 73 substitutions and ten indels (insertion/deletion) between the strains (Figure 3 ). These genetic variations include sites of polymorphism within each of the strains. In addition to the core promoter elements described above, numerous putative transcription-factor-binding sites were identified within the upstream regions of GSTe3 (Figure 3 ). These included putative binding sites for NF-κB (nuclear factor κB), AP-1 (activator protein-1), FOXL1 (Forkhead box L1), AhR (aryl hydrocarbon receptor), GATA box, CREB (cAMP-response-element-binding protein), δEF1 (δ elongation factor 1), AREB (Atp1a1-regulatory-element-binding factor), Sox-5 (Sry-type high-mobility group box protein), MEF-2 (myocyte-specific enhancer-binding factor), NFAT (nuclear factor of activated T-cells) and HNF-6 (hepatocyte nuclear factor 6). Several of these putative binding sites were only present in one of the sequenced strains [for example, binding sites for CREB, NFAT and MEF-2 were identified in the ZAN/U strain, but were absent from Kisumu (Figure 3) ].
Five substitutions and a 2-adenosine indel were identified in the 352 bp GSTe2 promoter sequence from ZAN/U and Kisumu (Figure 4) . The genetic variations were all conserved within each of the two strains. Again, multiple putative transcription-factor-binding sites were located within this fragment some of which were only present in one of the two strains (Figure 4) .
Activity of promoters from DDT-resistant and -susceptible mosquitoes
To compare the activity of the Epsilon GST promoter elements from the DTT-susceptible and resistant strains of A. gambiae, emboss/align/). Gaps inserted to maintain sequence alignment are shown by a horizontal dash. Potential transcription factors and the consensus sequences of high homology (100 % core similarity and 95 % matrix similarity) identified by MatInspector are underlined. Allelic variations between the two strains are boxed and shaded grey. The putative TSS of GSTe3 is indicated by a triangle. The start of the coding sequence of GSTe3 is boxed, and the amino acid translation is shown below the sequence alignment. Arrows indicate the boundaries of the constructs used for promoter analysis. AREB, Atp1a1-regulatory-element-binding factor; C/EBP, CCAAT/enhancer-binding protein; Sox-5, Sry-type high-mobility group box protein; HNF-6, hepatocyte nuclear factor 6. separate constructs were prepared containing the upstream sequence of GSTe2 from ZAN/U and Kisumu (pZA2-1 and pKi2-1) and the upstream sequence of GSTe3 from both strains (pZA3-1 and pKi3-1) cloned into the pGL3-Basic luciferase reporter vector. The activities of the orthologous promoter elements from both strains were compared by transiently transfecting the A. gambiae cell line with each construct and comparing the normalized luciferase activity. All four constructs resulted in increases in luciferase activity (ranging from 31× to 95×) when compared with the promoterless pGL3-Basic vector (Figures 5 and 6) . Both of the promoter elements derived from the ZAN/U strain were significantly more active than their Kisumu counterparts [GSTe2 Z/K ratio 2.7 (P < 0.01); GSTe3 Z/K ratio 1.3 (P < 0.05), where Z is ZAN/U and K is Kisumu].
Delineation of the GSTe3 promoter
Six different promoter constructs were prepared from the putative GSTe3 promoter element from both A. gambiae strains. For the ZAN/U strain, promoter activity generally decreased with successive deletions, although no significant difference was observed between promoter constructs pGZa3-3 and pGZa3-4 or between pGZa3-5 and pGZa3-6. The most dramatic decrease in luciferase expression occurred when the 166 bp between − 1205 and − 1039 were deleted ( Figure 5 ). Exclusion of this region, which contains several putative transcription-factor-binding sites, including GC box, GATA, δEF1 and CREB, reduced expression of the ZAN/U promoter by 94 %.
The activity of the Kisumu GSTe3 promoter also decreased as deletions were made from the 5 end, again with a dramatic reduction in activity (84 %) when the 160 bp (a 6 bp indel between the strains is present in this region) downstream from − 1205 were removed. Further deletion of the Kisumu promoter resulted, however, in an increase in luciferase expression levels. Promoter activity significantly increased when the Kisumu promoter element was deleted by an additional 43 bp, suggesting that the deleted region from − 1039 to − 996 might encompass a potential negative regulatory element (a repressor) in the Kisumu strain, although none was identified by computational analysis of this region. A second, smaller, increase in promoter activity was noted when 300 bp was removed from the Kisumu construct containing 661 bp upstream of the initiation codon. Again, we speculate that a The arrows represent the putative TSS of GSTe3. Distances are from the A of the AUG initiation codon of GSTe3. Values shown on the panel on the right are the mean ( + − S.D.) luciferase activities (normalized to control Renilla activity) for two separate experiments performed in triplicate. The promoterless pGL3-Basic vector is designated basic. The promoter activity of the various constructs was analysed by pairwise Student's t tests. Statistically significant differences are shown by square brackets whose ends designate the sequences being compared (*P < 0.05, **P < 0.01). The arrows represent the putative TSS of GSTe2. Distances are from the A of the AUG initiation codon of GSTe2. Values shown on the panel on the right are the mean (+ − S.D.) luciferase activities (normalized to control Renilla activity) for two separate experiments performed in triplicate. Potential transcription-factor-binding sites are shown above the constructs. Cross stars denote allelic variations in the promoter region between the two strains. The promoterless pGL3-Basic vector is designated basic. Promoter activity of constructs was analysed by pairwise Student's t test. Statistically significant differences are shown by square brackets whose ends designate the sequences being compared (**P < 0.01). AREB, Atp1a1-regulatory-element-binding factor; NMP4, nuclear matrix protein 4.
repressor element may be located between − 296 and − 596 in the Kisumu strain, but not in the corresponding region from the ZAN/U strain. Interestingly, both of the regions that contain putative repressors are characterized by large indels between the strains.
Delineation of the GSTe2 promoter
Deleting 43 bp from the 5 end of the GSTe2 promoter element decreased the activity of the ZAN/U promoter by 25.8 % and eliminated the activity of the Kisumu promoter element (Figure 6 ). This 43 bp fragment contained the 3 -UTR of the preceding gene, GSTe1. Deletion of an additional 46 bp from the ZAN/U construct decreased luciferase expression to only 5-fold above the promoterless control plasmid. The deleted fragment contains a putative binding site for the FOXL1 transcription factor and, in the ZAN/U strain only, a putative binding site for the transcription factor δEF1. A final deletion of an additional 37 bp from the 5 end obliterated a potential c-EST binding site and destroyed all promoter activity ( Figure 6 ).
In addition to deleting the 5 end of the promoter element, we also investigated the effect of removing the 5 -UTR of GSTe2. Removing the 70 bp immediately preceding the AUG initiation codon destroyed the activity of the promoter (Figure 6 ). Thus the results from these deletion experiments show that the essential core promoter of GSTe2 includes the 5 -UTR of GSTe2 and the 3 -UTR of the preceding gene, GSTe1.
Site-directed mutagenesis
The dramatic difference between the promoter activity of plasmid pGZa12-2 and pGKi12-2 (activity is 122-fold higher in the ZAN/U plasmid) indicated that one or more sequence polymorphisms within the intergenic space between GSTe1 and GSTe2 (excluding the 3 -UTR of GSTe1, which is absent from this plasmid, and the 5 -UTR, which is identical in sequence in both strains) is critical for conferring the elevated activity seen in the ZAN/U GSTe2 promoter. As the activity of the ZAN/U promoter decreases dramatically when a further 46 bp are deleted, we speculated that sequence polymorphisms between − 301 and − 255 bp were important in determining transcription rates. Two sequence variations were noted within this region. A T/C substitution at − 293 creates a possible δEF1-binding site in ZAN/U and a 2 bp indel is found immediately downstream of a putative FOXL1-binding site (Figure 4) . The role of each of these polymorphisms in detecting the activity of the GSTe2 promoter was studied in turn.
The putative δEF1-binding site was introduced into the Kisumu construct pGKi12-2 by mutating C into T using the primer pG12F2 ( Table 2 ). The lack of promoter activity of this construct suggests that the T/C nucleotide at − 293 is not key to controlling transcription of GSTe2.
To study the role of the AA indel at − 265 bp, two additional adenosine residues were introduced into the ZAN/U plasmid at − 265 by site-directed mutagenesis. The ability of the mutated plasmid to drive luciferase expression was reduced dramatically (approx. 7-fold) compared with the wild-type ZAN/U plasmid ( Figure 7 ). The reciprocal experiment was also performed by deleting two adenosine residues at − 265 in the Kisumu plasmid. In this case, no significant difference in promoter activity was observed between the wild-type and mutated Kisumu plasmids ( Figure 7 ).
H 2 O 2 -inducible expression of Epsilon GSTs
Several putative binding sites for transcription factors responsive to oxidative stress were identified in the GSTe2 promoter, including FOXL1, NF-κB and AhR. As expression of some GSTs from other organisms increases in response to oxidative stress, we The number of adenosine residues at − 265 in the GSTe2 promoter was altered by site-directed mutagenesis. The resultant constructs were transfected into A. gambiae Sua 4.0 cells and the luciferase activity was measured. The mean ( + − S.D.) luciferase activities (normalized to control Renilla activity) for two separate experiments performed in triplicate are shown. Pairwise Student's t tests were used for statistical analysis (**P < 0.01). measured the effect of H 2 O 2 treatment on expression of three A. gambiae Epsilon GSTs. Quantitative PCR results showed expression of GSTe1, GSTe2 and GSTe3 in larvae of the ZAN/U strain was induced by a 1-h exposure to H 2 O 2 . In the Kisumu strain, however, only expression of GSTe3 was induced by H 2 O 2 exposure (Figure 8) .
Expression of GSTe3 was induced 3.3-fold in ZAN/U and 2.3-fold in Kisumu by H 2 O 2 exposure (Figure 8 ). Expression of GSTe1 and GSTe2 (Figure 8 ) increased 4-fold and 1.8-fold respectively after 1 h of H 2 O 2 treatment of ZAN/U larvae. Basal expression of GSTe2 in larvae was higher than that of GSTe1 and GSTe3 in both strains. Expression of GSTe2 in the absence of H 2 O 2 was approx. 3.6-fold higher than in the susceptible strain ( Figure 8 ).
DISCUSSION
We have shown previously that DDT resistance in A. gambiae is conferred by overexpression of an Epsilon GST, GSTe2, that is mediated, at least in part, by mutations in a cis-acting regulatory factor(s) [23] . A central aim of the present study was to identify the mechanism responsible for the up-regulation of this gene, with the eventual goal of developing a robust assay to detect this mutation in field populations.
The active GSTe2 promoter is one of the smallest characterized in insects. The distance between the stop codon of the preceding gene, GSTe1, and the start codon of GSTe2 is only 352 bp. The UTRs of both genes are important for maximal GSTe2 promoter activity. Deleting the 5 -UTR of GSTe2 obliterates promoter activity, and, surprisingly, deletion of the 3 -UTR of GSTe1 decreases activity by 26 %. The activity of the full-length GSTe2 promoter construct is 2.7-fold higher in the DDT-resistant strain than in the -susceptible strain, and this correlates well with the elevation in basal transcript copy number observed in the larvae of the resistant strain (3.6-fold, Figure 8 ). The 1.3 kb sequence upstream of GSTe3 in the ZAN/U strain had slightly higher activity than the corresponding region from the Kisumu strain (1.3-fold elevation), although there was no significant difference in transcript copy number between the strains for this gene (Figure 8 ). In adult ZAN/U mosquitoes, GSTe2 expression was elevated 8-fold and GSTe3 expression was elevated 3-fold [12] , suggesting that different regulatory elements may control expression in different life stages.
Several sequence polymorphisms were observed in the promoter region of GSTe2. To determine which of these are responsible for variation in promoter activity, the 352 bp promoter was progressively deleted, and the activity of each new construct was compared in the two strains. A 46 bp region between − 301 and − 255 was implicated. Two polymorphic sites are found within this section, one of which lies within a putative recognition site for the transcription factor δEF1 and the second introduces an AA indel. Mutating the first of these to introduce a δEF1 site in the Kisumu strain did not increase promoter activity. It is unlikely that δEF1 is important in regulating expression of GSTe2, since, in all cases where binding sites for this transcription factor have been identified, two recognition sites separated by 20-50 bp are required [24] . A single δEF1 site is found in the GSTe2 promoter. Interestingly, however, two δEF1 sites separated by 51 bp are found in the promoter of GSTe3. Deletion of one of these virtually eliminates GSTe3 promoter activity. To test whether GSTe3, GSTe1 and GSTe2 in A. gambiae are inducible by oxidative stress, larvae of Kisumu and ZAN/U strains were exposed to 3 mM H 2 O 2 for 1 h. mRNA was extracted and reversed-transcribed into cDNA. The copy number of the Epsilon GST, GSTe3, GSTe1 and GSTe2 (inset) was determined by real-time PCR. The data are from duplicates of three biological replicates. The transcript copy number in control (no H 2 O 2 exposure) was compared with the H 2 O 2 -exposed samples using the pairwise Student's t test (**P < 0.01; N.S., not significant).
The second candidate polymorphic site in the GSTe2 promoter is the 2 bp AA indel located adjacent to a putative FOXL1 motif. Introduction of two adenosine residues into the ZAN/U promoter, while retaining the three variable sites downstream in the ZAN/U promoter sequences, decreased the activity of this construct 7-fold. The reverse experiment, in which two adenosine residues were deleted from the Kisumu construct, did not restore promoter activity to this strain. Thus, presumably, in addition to the number of adenosine residues present, one or more of the three polymorphic sites located downstream from this indel is important in determining GSTe2 promoter activity. An analysis of this sequence from other DDT-resistant and -susceptible strains or field-caught individuals is needed to confirm the role of these polymorphisms in the GSTe2 promoter in conferring DDT resistance.
The promoters of both GSTe2 and GSTe3 contain putative binding sites for several transcription factors that mediate response to oxidative stress in other species [25] [26] [27] [28] . These include L1, AP-1, NF-κB and AhR. GSTs can protect against oxidative stress either by direct peroxidase activity or by detoxifying secondary products that are generated by ROS (reactive oxygen species) [29] . Furthermore, expression of GSTs is induced by exposure to oxidative stress in several species [30] [31] [32] [33] . We therefore investigated the effect of treatment with H 2 O 2 on the expression of the A. gambiae Epsilon GSTs. Increased expression of GSTe3 following H 2 O 2 exposure has been reported previously in A. gambiae [34] , and, in agreement with this, we observed a significant increase in transcript copy number in both DDT-susceptible andresistant strains. Interestingly, for the two additional Epsilon GSTs examined, a response was only detectable in the DDT-resistant, ZAN/U, larvae. The reason for the differing response of the strains is unclear, and could be due to changes in regulatory proteins, rather than the promoters themselves. However, it is intriguing that the DDT-resistant strain is more responsive to oxidative stress. Exposure to insecticides induces the production of ROS, and insecticide resistance has been linked to the elevated expression of a Delta GST with high peroxidase activity [9] . Perhaps the role of GSTs in the ZAN/U strain in conferring resistance to insecticides extends beyond their ability to metabolize the insecticides.
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